Introduction
The electricity sector is the largest withdrawer of freshwater in the nation (Kenny et al. 2009; Maupin et al. 2014) . The dominant use of water in the electricity sector is for power plant cooling. As a result of elevated water temperatures or lack of available water, power plants in various regions throughout the United States have had to curtail generation or shut down, impacting regional energy security (U.S. DOE 2013; Rogers et al. 2013) . Concerns over water availability in the past have affected decisions on where power plants could be built and what types of cooling systems they could employ (Averyt et al. 2011; Rogers et al. 2013) . Certain types of energy sources used to produce electricity, in particular non-thermal photovoltaic (PV) and wind technologies, require little to no water use for operations (Macknick et al. 2012a ). These types of energy technologies can be deployed in water-stressed areas without risk of curtailed generation during drought.
Water usage in this effort refers to two metrics: "withdrawals," or water removed from ground or diverted from a source for use, and "consumption," referring to the amount of water that is evaporated, transpired, incorporated into products or crops, or otherwise removed from the immediate water environment (Kenny et al. 2009 ). Water withdrawal and consumption metrics can both be used to evaluate potential energy sector impacts and vulnerabilities in the context of existing water resource availability. Water availability must be sufficient to support water withdrawals, and water consumption can affect downstream water users.
Thermal energy technologies can reduce water withdrawal and consumption rates through a variety of methods. Natural gas or gasified coal, for example, can be combusted in higher efficiency configurations such as a combined cycle power plant, which results in lower water requirements (Grubert et al. 2012) . Recirculating cooling systems reduce water withdrawals when compared with once-through cooling systems, although water consumption would likely increase (Macknick et al. 2012a) . Dry cooling technologies have substantially lower water withdrawal and consumption requirements than recirculating and once-through cooling systems, but can have higher installed and operating costs in addition to having lower efficiencies (US EPA, 2011) . Finally, in many cases water demands can be met by using alternative non-fresh sources of water, such as shallow brackish groundwater or municipal wastewater, although this utilization could also lead to an increase in costs (Tidwell et al. 2013a ).
Prior studies have evaluated the water impacts of electricity sector futures, including under "lowcarbon scenarios," although many of these studies have limited spatial resolution and have not explicitly addressed scenarios of high solar penetration (Chandel et al. 2011; Roy et al. 2012; van Vliet et al. 2012; Macknick et al. 2012b; Clemmer et al. 2013; Tidwell et al. 2013b; Macknick et al. 2015) . Electricity capacity expansion models often lack an adequate level of geographic resolution in the electricity sector to meet spatial scales relevant for water resource management. The Department of Energy's SunShot Initiative Study considered high levels of solar energy penetration and briefly discussed water impacts (U.S. DOE 2012). However, the SunShot study was restricted to water consumption only, and only on a national scale. This work provides greater regional resolution of water resource impacts and constraints of high solar penetration scenarios.
This analysis provides a detailed national and regional description of the water-related impacts and constraints of high solar electricity penetration scenarios in the U.S. in 2030 and 2050. A modified version of the Regional Energy Deployment System (ReEDS) model that incorporates water resource availability and costs as a constraint in each of its 134 Balancing Area (BA) regions was utilized to explore national and regional differences in water use impacts and solar deployment locations under different solar energy cost and water availability scenarios (Macknick et al. 2015) . Water resource availability and cost data are from recently completed research at Sandia National Laboratories (Tidwell et al. 2013a) . Scenarios analyzed include two business-as-usual solar energy cost cases, one with and one without considering available water resources, and four solar energy cost cases that meet the SunShot cost goals (i.e., $1/watt for utility-scale PV systems), with varying levels of water availability restrictions. This analysis provides insight into the role solar energy technologies have in the broader electricity sector under scenarios of water constraints.
Methods
The authors utilized a modified version of the ReEDS model that incorporates water resource availability and costs as constraints (Macknick et al. 2015) . Six scenarios were evaluated that varied solar energy technology costs and water resource availability.
ReEDS Model Overview
The ReEDS model estimates the types and locations of future electricity generation and transmission capacity expansion along with seasonal and diurnal electricity dispatch over a period of 2010-2050 (Short et al. 2011) . All major generating technologies are represented, including coal, natural gas combined cycle (GasCC), natural gas combustion turbine (GasCT), nuclear, hydro, wind, solar, geothermal, and biopower, as well as storage technologies. Generation capacity must meet requirements for regional electricity demand, operating reserves, and planning reserves. Spatial resolution is high for a capacity expansion model; electricity demand is satisfied in 134 BAs connected by an aggregated transmission system of ~300 lines, and wind and solar resources are defined in 356 resource regions. ReEDS uses a simplified dispatch that optimizes power output and operating reserves in 17 time slices, four for each season and one "superpeak" representing the top 40 hours of demand in a year. ReEDS also incorporates existing national and state energy policies.
ReEDS is a well-established tool that has been utilized for a variety of electricity system analyses examining high regional and national penetration of different types of renewable resources, impacts of natural gas price fluctuations, as well as for impacts of clean energy scenarios on water resources (U.S. DOE 2010; Logan et al. 2012; Macknick et al. 2012b; NREL 2012; U.S. DOE 2012; Clemmer et al. 2013) .
For this analysis, a modified version of the ReEDS model was used that i) incorporates cost, performance, and water use characteristics of different fuel technology and cooling system combinations and ii) includes consideration of water resource availability as a necessary condition for new power plant builds.
Cooling systems implemented in the ReEDS model fall into four categories: once-through, pond, recirculating, and dry cooling systems. Individual power plant cooling systems are derived from a database developed by a team led by the Union of Concerned Scientists, which built upon DOE, private industry, and publicly available sources (Union of Concerned Scientists 2012). Within each ReEDS BA, existing generation capacity by fuel type is disaggregated into fuelcooling system categories based on 2008 generation data from the database and from updates on newer power plants acquired via internet searches. In cases where the database does not report cooling systems for certain fuel-types within a particular BA and no other information is available, the cooling system makeup for the fuel-type with most generation in that PCA is applied.
Cooling systems modeled in ReEDS have different capital cost, O&M cost, performance, and water use characteristics. Input data to the ReEDS model provide cost and performance data for new power plants assuming they are built with recirculating cooling systems (Black and Veatch 2012) . The ReEDS model uses a series of capital cost and performance multipliers to modify cost and performance input data based on cooling system type (Macknick et al. 2015) .Water withdrawal and consumption rates for fuel technology cooling system combinations are defined in terms of volumes of water per unit of electricity generation (e.g., gallons per MWh). National values are applied to each BA region.
Operational water use requirements can vary greatly depending on fuel type, power plant type, and cooling system (Macknick et al. 2012a) . Figure 1 highlights water withdrawal and consumption rates for a variety of power plant types and cooling systems. As shown, thermal power plants using once-through cooling withdraw far more water for every megawatt-hour of electricity generated than do plants using recirculating cooling systems. For water consumption, however, once-through cooling has lower demands than recirculating systems. Dry cooling technologies can substantially reduce both water withdrawal and consumption for thermal plants, yet have limited deployment due to higher costs and lower efficiencies (U.S. EPA 2011). Nonthermal renewable energy technologies, such as PV and wind, do not require water for cooling and thus have very low water use intensities. Wind plants require effectively no water for operations, while PV can use a relatively small amount in some locations, primarily for washing panels. Water availability constraints have been implemented in the model for each BA region. In order for new electric generation capacity to be built, sufficient water access must be purchased to meet the water requirements of the fuel technology-cooling system combination and the size of the facility. Sufficient water access is defined as enough water for an electric generator to operate at full capacity for an entire year. The ReEDS model calculates actual water withdrawals and consumption separately from the purchases of water access.
Water Availability and cost data
Each BA has unique water rights availability and cost for up to five resource categories: unappropriated freshwater, appropriated freshwater (Western United States only), fresh groundwater, brackish groundwater, and wastewater. Water rights availability data were developed in partnership with Sandia National Laboratories (Tidwell et al. 2013a) . Water availability metrics also include projected growth in non-thermoelectric water demand to 2035 to provide an indication of future water availability, given competing demands. Multiple types of water resources can be purchased to meet the demand for new generation capacity. Water access of retiring power plants are returned to the pool of available water rights for new power plants at the price of appropriated water rights.
Costs associated with utilizing each of the five sources of water can vary geographically. Water cost information was designed to establish a consistent and comparable measure of cost to deliver water of potable quality to the point of use in the electric sector. Costs categories include capital and operating and maintenance (O&M) costs. Capital costs include the purchase of water rights as well as the construction of groundwater wells, conveyance pipelines, and water treatment facilities, as necessary. O&M costs include expendables (e.g., chemicals, membranes), labor, waste disposal as well as the energy to lift, move and treat the water.
Further information, including a full treatment of source data and methods for developing water availability metrics can be found in Tidwell et al. (2013a) . More specific information about water resource modifications in the ReEDS model can be found in Macknick et al. (2015) .
Other key ReEDS data and Assumptions
ReEDS input data and assumptions implemented in this analysis are largely derived from a ReEDS version updated from that used in the NREL Renewable Electricity Futures (REF) report and solar energy costs from the SunShot study (Mai et al. 2012; NREL 2012 (Hadjerioua et al. 2012; Hadjerioua et al. 2013; Zhang et al. 2013 ).
Retirements of nuclear-and fossil-based facilities are based on proposed and lifetime retirements as described by Ventyx and M.J. Bradley along with capacity factor-based coal-fired capacity retirements, where coal-fired capacity that operates below a certain capacity factor threshold is retired (Saha 2013; Ventyx 2013 ).
Scenario Analysis
Six scenarios from 2010 to 2050 were analyzed to explore the regional and national sensitivity of solar penetration to two varying conditions: solar energy costs and water resource availability. Two base solar energy cost scenarios were analyzed, one that does not consider water resources as a constraint (Base-NR) and one that considers water constraints and includes all available water resource types (Base-AR). Four improved solar energy cost scenarios were analyzed, with varying levels of water constraints. SS-NR does not consider water resources as a constraint, SS-AR considers water constraints and includes all available water resource types, SS-NF considers water constraints and does not allow new electricity generating technologies to utilize new sources of freshwater (but water rights that become available from existing power plants retiring are allowed), and SS-NFNR considers water constraints but does not allow new freshwater sources or retired water rights to be utilized. Table 1 shows scenarios considered. 
National Electricity Sector Results
Under the two base solar energy cost scenarios, electricity capacity grows by 2050 to over 1,730 GW, with similar percentages of fuel technologies (Figure 2 ). Under the four improved cost scenarios, electricity capacity grows to around 1,800 GW, with increases in PV deployment providing most of the capacity additions, with smaller capacity additions for natural gas combined cycle (NGCC) power plants and natural gas combustion turbine (NGCT) power plants.
Wind capacity declines by around 10 GW in the improved cost scenarios. Natural gas combined cycle ( In 2050 for all scenarios, natural gas combined cycle technologies produce 35-36% of total electricity generation, wind energy technologies produce 23-24% of total electricity generation, and coal technologies produce around 19% of total electricity generation. GW=Gigawatts; OGS=Oil, gas steam technologies; R=Recirculating cooling; O/P=Once-through and pond cooling; D=Dry cooling; CT=Combustion turbine; CC=Combined Cycle.
Regional Electricity Sector Results
Although national levels of deployment are similar across scenarios, regional differences in where solar PV is deployed can be substantial and can highlight areas where solar PV can have the greatest impact in meeting electricity loads with lower impacts on water resources. Regional differences in electricity capacity and generation can translate to regional differences in water impacts.
In 2050 under the Base-AR scenario, where base case solar energy costs are utilized and all water rights are considered, PV installation is concentrated in the U.S. Southeast and the U.S. Southwest (Figure 3 ). 
. Comparison of installed PV capacity in 2050 between Base-AR and SS-AR by MW installed
The percentage change in installations is highest in the northern parts of the United States as well as Texas ( Figure 5 ). Lower percentage increases in installations are seen in the U.S. Southeast and the U.S. Southwest, due to the already relatively high level of deployment in these regions.
Figure 5. Comparison of installed PV capacity in 2050 between Base-AR and SS-AR by percent differences
Water availability constraints can also lead to regional and national differences in PV installed capacity in 2050. The SS-NFNR scenario (which includes improved solar costs, no new freshwater resources and no retired water availability) shows approximately 6 GW more of PV capacity than the SS-AR scenario (which includes improved solar costs and all water resource types) in 2050, with most of the increase in PV capacity centered in the U.S. Southeast, where water availability is often not considered a major concern (Figure 6 ). This suggests that strict water use rules, such as those in the SS-NFNR, could lead to greater increases in PV deployment in what are generally considered to be water rich areas than in water-stressed areas. High levels of population growth can lead to large increases in energy demands, which must be met by additional electric capacity; when water availability is restricted, low-water energy technologies (e.g., PV) can have advantages over water-intensive technologies. Water restrictions that affect thermal generators also affect the location of solar deployment, and Figure 6 highlights the change in location of solar deployment from Florida to Alabama and Georgia that results from the large dependency of the latter states on water-based generation and the thermal retirements that occur.
Figure 6. Comparison of installed PV capacity in 2050 between SS-NFNR and SS-AR scenarios
The results highlight the importance of solar costs and water availability in evaluating where new PV capacity could be installed. Similarly, as PV water use rates differ from other technologies that could be employed, water use impacts of scenarios can also differ national and regionally.
National Water Use Results
National water withdrawals and consumptive uses of water in 2050 are greatly affected by present-day trends in power plant cooling decisions, where new power plants are moving away from once-through cooling systems towards the use of lower withdrawal yet higher consumptive rate recirculating systems. Water consumption is similar in all scenarios, and is dominated by coal, nuclear, and natural gas facilities that utilize recirculating cooling systems. Water consumption declines from around 1.7 trillion gallons per year in 2010 to 1.6 trillion gallons per year in 2030, and drops more precipitously to around 1.1 trillion gallons per year by 2050. The large declines in water consumption can be attributed to high penetration of solar PV technologies and wind technologies, which require little to no water for operations, and natural gas combined cycle technologies, which have lower water requirements than retiring coal and nuclear power plants. Improved cost scenarios for PV that lead to increased PV penetration do not necessarily lead to water consumption reductions over base case PV cost scenarios, as the total level of thermal energy technology penetration in all scenarios is approximately the same. Water restriction scenarios do not affect total water consumption in these scenarios, as municipal wastewater resources can provide some water availability for new power plants and existing power plants continue operating with their existing water access.
Regional Water Usage Results
Water resources are managed locally and water is not easily transferred across basins. For this reason, regional impact analyses of water resource usage are essential and can provide insight into the sustainability of water use. As water resource boundaries do not follow state boundaries, analyzing water resource impacts at the watershed level is useful to water managers. The regional water usage results presented here are displayed at the 18 USGS HUC-2 watershed units.
The strong trend in declining water withdrawals and water consumption in all scenarios is persistent in the regional water use analysis. Relatively high penetration of solar PV and wind energy technologies in all scenarios combined with reductions in withdrawals associated with retiring once-through cooled coal, nuclear and natural gas steam power plants generally lead to similar withdrawal declines in each watershed unit for all scenarios. Figure 9 shows the regional water withdrawal comparison of the SS-AR scenario (where improved solar costs are utilized and all water resource types are available). Regional results are similar across all scenarios, largely driven by the similar quantities of thermal energy (primarily natural gas) technologies built. Additional solar PV capacity built in the improved cost cases does not offset enough water-consuming thermal generation to have a large impact on watershed-level consumption beyond the large reductions already taking place due to thermal cooling technology trends and the large wind and PV installation amounts in the base case cost scenarios.
Discussion
During the 2010-2050 study period, the water use intensity of generation sources declined because coal and nuclear dominated retirements and most new capacity came from lower waterintensity solar, wind, and natural gas technologies. Considering this overall trend, results from this work highlight the important role PV deployment can have in reducing national and regional levels of water withdrawal and consumption. The relatively small water requirements of PV systems during operation make it an effective electricity generating technology in times of drought or in arid areas. PV systems can thus be seen as a useful technology choice that could be resilient under a changing climate, where water resource availability could be variable or unreliable.
PV technology deployment is one part of a suite of electricity sector trends contributing to lower water withdrawals and consumptive uses, and there are there are multiple reasons for water use reductions in the scenarios considered. Wind energy technologies also provide electricity with little to no water required for operations; wind energy provided approximately twice as much electricity as PV in 2050 for all scenarios considered. New installations of thermal energy technologies-which favor types of power plants and cooling systems with lower water usealso contribute to declining trends in water use. Due to fuel and technology costs, natural gas combined cycle power plants dominate new thermal energy capacity additions. Natural gas combined cycle power plants have higher efficiencies than many existing thermal steam plants, and they use combustion turbine components that provide electricity without the need for water, leading to withdrawal and consumption rates that can be around half of existing coal and nuclear power plants. In addition, new power plants are being built with recirculating cooling systems, which withdraw substantially less water with a slightly higher consumption rate than existing once-through cooling systems.
High penetration of PV in the electricity system can have some limitations as a strategy to reduce regional and national water use, depending on where solar deployment occurs. In the improved cost scenarios, PV capacity installations increased by 19% over the base case cost scenarios, yet generation from PV increased by just 9%, likely due to much of the new installed PV being located in areas with lower quality solar resources, such as the northern and southeastern parts of the country, or due to curtailments of PV when PV generation exceeds demand. With its highquality solar resources and arid climate, the southwest would seem to be a region where PV cost reduction would be more valuable than elsewhere. However, improved PV costs did not result in as much of an increase in PV capacity in the southwest as in other regions. This could be due to the saturation of PV technologies in this area or due to other low-cost generation options in this area. Regional water withdrawals and consumptive uses were virtually identical in all scenarios, as the additional PV capacity and generation in the improved cost scenarios did not substantially reduce or offset water-consuming thermal generation.
The inclusion of severe water restrictions for new electricity generating technologies had a small impact on the location of new PV technology capacity additions. The most restrictive water availability case saw its largest increases in new PV capacity in the southeastern part of the country, an area not always considered to have water shortages. In many areas, re-allocation of water resources from retiring power plants or alternative water resources provide sufficient water resources, for new power plants, such that PV systems do not see a large increase in deployment due to freshwater restrictions.
Limitations in this work include the diversity of cost assumptions considered, the spatial and temporal resolution of the model, and the static nature of water resources considered. Future work could improve the understanding of the role of PV in future electricity system scenarios under water and land constraints and could address certain limitations of this study. The impact of PV deployment on national and regional water usage under improved cost scenarios is somewhat muted due to the substantial cost reductions already included in the base case cost scenarios. Other technologies, such as wind and natural gas combined cycle, also had substantial cost reductions and greatly increased in deployment; lower levels of cost reductions in wind and changes in natural gas prices could affect PV deployment. For example, future work could analyze a variety of different PV cost scenarios, including less and more aggressive cost reduction pathways. Additional work could also address other limitations in this study, such as: using alternative cost scenarios for wind energy and other technologies; evaluating dynamic water resource availability that can be affected by climate change at a smaller geographic scale; considering land use requirements of PV systems and how this compares with available land and existing uses; and evaluating the resilience of the electricity system and the value of PV under various penetrations of PV during droughts or other times when water-dependent thermal generation could be affected.
Summary
The results presented here provide insight into the national and regional water use implications of high penetration scenarios of solar PV technologies. A modified version of the ReEDS model, which has high geographic resolution and incorporates water resource availability as a constraint, was used to analyze six scenarios of varying PV technology cost and water resource availability restrictions. Results for electricity capacity as well as water withdrawal and consumption were presented on a national and regional scale. PV technologies require little to no water for operation and have an important role in reducing water usage in the electricity sector. PV technologies are one component of a number of trends that can reduce future water usage in the electricity sector, including the installation of wind technologies, the increase in natural gas combined cycle power plants, and the use of recirculating cooling systems for new powered plants. Reduced PV costs tend to increase PV deployment in areas with lower solar resource quality and in areas that are generally not considered to be water-stressed. Imposing severe restrictions on new uses of freshwater did not substantially alter the magnitude or the location of new PV installations. PV systems can operate without water and could provide important grid services in arid areas or in times of drought; future research is required to test and validate this value of PV systems.
